Background: Fire managers tasked with assessing the hazard and risk of wildfire in Alaska, USA, tend to have more confidence in fire behavior prediction modeling systems developed in Canada than similar systems developed in the US. In 1992, Canadian fire behavior systems were adopted for modeling fire hazard and risk in Alaska and are used by fire suppression specialists and fire planners working within the state. However, as new US-based fire behavior modeling tools are developed, Alaskan fire managers are encouraged to adopt the use of US-based systems. Few studies exist in the scientific literature that inform fire managers as to the efficacy of fire behavior modeling tools in Alaska. In this study, I provide information to aid fire managers when tasked with deciding which system for modeling fire behavior is most appropriate for their use. On the Magitchlie Creek Fire in Alaska, I systematically collected fire behavior characteristics within a black spruce (Picea mariana [Mill.] Britton, Sterns & Poggenb.) ecosystem under head fire conditions. I compared my fire behavior observations including flame length, rate of spread, and head fire intensity with fire behavior predictions from the US fire modeling system BehavePlus, and three Canadian systems: RedAPP, CanFIRE, and the Crown Fire Initiation and Spread system (CFIS). Results: All four modeling systems produced reasonable rate of spread predictions although the Canadian systems provided predictions slightly closer to the observed fire behavior. The Canadian fire behavior prediction modeling systems RedAPP and CanFIRE provided more accurate predictions of head fire intensity and fire type than BehavePlus or CFIS. Conclusions: The most appropriate fire behavior modeling system for use in Alaskan black spruce ecosystems depends on what type of questions are being asked. For determining the rate of fire movement across a landscape, REDapp, CanFIRE, CFIS, or BehavePlus can all be expected to provide reasonably accurate estimates of rate of spread. If fire managers are interested in using predicted flame length or energy produced for informing decisions such as which firefighting tactics will be successful, or for evaluating the ecological impacts due to burning, then the Canadian fire modeling systems outperformed BehavePlus in this case study.
Introduction
Fire is the most important environmental disturbance factor in Alaskan black spruce (Picea mariana [Mill.] Britton, Sterns & Poggenb.) ecosystems (Viereck 1973) . Wildfires in black spruce tend to be large fires that kill overstory trees and remove most, if not all, aboveground vegetation (Viereck 1983) . Most plant species associated with black spruce are adapted to repeated stand-replacement fires, and black spruce ecosystems in Alaska tend to be perpetuated by fire (Viereck 1983) . Fire's importance in these ecosystems leads to a need to understand how fire behaves in black spruce and to be able to predict how an area would burn during a wildfire event, especially with the realization that 80% of the population in Alaska lives in areas at risk from wildland fire (Little et al. 2018) .
Beginning in the early to mid 1970s, mathematical models for predicting fire behavior started to become available in North America (Rothermel 1972; Van Wagner 1973; Albini 1976) . A difference in approaches between fire scientists in Canada and the United States has led to several separate fire behavior modeling systems (Van Wagner 1985) . Canadian researchers took a more empirical approach by which predictive algorithms were developed from observations of field experimental fires and wildfires in boreal ecosystems (Van Wagner 1983) , while US scientists developed their predictive algorithms based on physical heat transfer theory and laboratory fires (Rothermel 1972; McAlpine and Andrews 1998) . Each approach has its strengths and weaknesses; only by direct comparison with observed fire behavior can fire managers decide which system works best in their area of interest for informing their land management decisions.
Determining which approach or system to use in Alaska is an ongoing debate. Although largely settled in 1992 when the Canadian Forest Fire Danger Rating System (CFFDRS; Stocks et al. 1989 ) and its two major subsystems, the Canadian Forest Fire Weather Index (FWI) system (Van Wagner 1987) and the Canadian Forest Fire Behavior Prediction (FBP) system (Forestry Canada Fire Danger Group 1992; Wotton et al. 2009 ), were officially adopted for use in Alaska (Alexander and Cole 1995) , the development of the Wildland Fire Decision Support System (WFDSS; Noonan-Wright et al. 2011 ) has altered the Alaskan fire management landscape. Federal fire managers are currently required to use WFDSS on most fires on federal lands including Alaska (ISFFAOG 2018) . Fire behavior analysis tools available in WFDSS for evaluating fire risk and predicting fire behavior across landscapes are based on the Rothermel fire spread models developed in the US (Rothermel 1972; Rothermel 1991; Noonan-Wright et al. 2011 ) and do not include the tools for analyzing fire behavior potential developed in Canada. The general consensus by Alaskan fire managers is that the Canadian FBP systems outperform US fire behavior modeling systems in Alaska, although few direct comparisons between observed and modeled fire behavior exist in the scientific literature.
This case study was conducted to provide information for evaluating if US modeling systems performed as well in Alaska as Canadian-produced systems. I compared direct observations of vegetation, weather, and fire behavior collected on the 1997 Magitchlie Creek Fire with fire behavior prediction systems currently in use operationally in the US and Canada. The BehavePlus V6 (Andrews et al. 2008) modeling system (https://www. firelab.org/project/behaveplus) was chosen to represent US-based fire behavior prediction systems as it contains the core Rothermel equations used in the fire behavior modules in WFDSS. Canadian fire behavior prediction research was represented by the REDapp V6.2.3 modeling system (http://redapp.org/; McLoughlin 2016), CanFIRE V2.08 (http://www.glfc.forestry.ca/canfire/), and V4 of the Crown Fire Initiation and Spread System (CFIS: http://www.frames.gov/cfis; ).
Methods

Study area
The Magitchlie Creek Fire (Alaska Wildfire B309), was first reported on 10 June 1997 at latitude 63.633333, longitude −158.416667, burning in open black spruce stands within a spruce, shrub, and bog mosaic (Fig. 1 ). The fire continued burning within the Innoko National Wildlife Refuge for several months and was officially declared out on 16 October 1997, after burning approximately 124 960 ha.
On 26 June 1997, we traveled to the fire via helicopter from the village of Galena. At that time, the fire was burning in topography that has been described as interior bottom lands (Gallant et al. 1995) . The fire was concentrated in lowland black spruce stands that formed slightly raised islands within a sea of sphagnum moss (Sphagnum L. spp.) (Additional file 1). In a normal year, the sphagnum moss areas would be inundated with water, but in the summer of 1997, these areas were relatively dry. After aerial reconnaissance, we selected one of the larger black spruce islands at the rear of the fire as the Magitchlie Creek Experimental Fire study site.
On 27 June 1997, a weather station, biomass inventory plots, and fire behavior observation plots were set up. At 1744 Alaska Daylight Time (ADT) on 28 June 1997, the study area was hand ignited with the wind along a 100 m ignition line, creating a running head fire within seconds post ignition (Fig. 2) . The experimental fire merged with the backing and flanking fire from the Magitchlie Creek Fire at approximately 2100 ADT.
Weather
Onsite air temperature (°C), relative humidity (Rh; %), wind speed (km h −1 ), and wind direction (°) data were collected 2.0 m above ground every three minutes using a portable Campbell Scientific remote weather station (Campbell Scientific, Logan, Utah, USA). The weather station was located in a very open area covered with short grass, approximately 300 m from the experimental plot areas. Additional weather data was collected 26.7 km south of the burn site from the Innoko Flats remote automated weather station (RAWS).
Biomass inventory Standing trees and tall shrubs
All standing woody stems (stems ≥1.37 m tall) on six 20 m 2 circular plots were individually tallied, identified to species, and tagged with numbered metal tags (Additional file 2). The diameter at breast height (dbh; cm), total height (m), ladder fuel height (height to dead branches; m), height to live crown (m), condition (live or dead), and basal diameter (cm) were recorded for each stem. Seedlings (stems <1.37 m tall) were sampled on 4 m 2 circular plots nested within each standing stem plot.
Low shrubs
All low shrubs <1.37 m tall on six 0.25 m 2 plots (one plot located 4.6 m due west from the plot center of standing stem plot) were clipped at the base and collected for later drying in the lab. Belowground shrub biomass was not collected. Daubenmire (1959) cover class and frequency values for low shrubs and surface material were collected on two 0.25 m 2 plots per standing stem plot.
Forest floor
Surface moss, litter, and duff biomass depths (mm) were measured at eight randomly chosen locations within each plot area and converted to biomass using bulk density conversion factors developed for the 1996 Alaska Photoseries (Ottmar and Vihnanek 1998) .
Woody fuels
Woody fuel loadings were determined by sampling all woody fuels along three 9.1 m transects per tree plot using the planar line intersect method (Brown 1974) . Each transect radiated out from the plot center of the tree plot (Additional file 2). The direction of the first line (in degrees) was determined randomly using a randomnumber table. The subsequent two lines were located 120 degrees from the first line and 120 degrees from one another. The diameter, species, and decay class of each intersected 1000-hour fuel (≥7.6 cm diameter) were recorded along the entire 9.1 m length of each line. Hundred-hour fuels (≥2.5 and <7.6 cm in diameter) were tallied along the entire length of each 9.1 m line. Ten-hour fuels (≥ 0.6 and <2.5 cm in diameter) were tallied within the initial 2.0 m of each line.
Fuel moisture
One forest floor fuel moisture plug was collected approximately two meters northeast of the plot center of each tree plot thirty minutes prior to the ignition of the experimental fire plot. Each plug was sectioned into 2centimeter layers based on Lawson and Dalrymple's (1996) forest floor sampling methodology and collected for later drying in the lab. No forest floor samples were collected below 12 cm due to moisture saturation (standing water) of the duff layers below this depth. Additional fuel moisture samples were subjectively located in surface material types that were underrepresented during the initial sampling. Shrub moisture content was determined using the material collected from the biomass clip plots. Live foliar moisture content for the standing live trees was obtained by collecting samples of the last year's needles, sensu Norum and Miller (1984) . Due to the lack of downed and dead woody material, no downed and dead woody fuel moisture samples or spruce litter moisture samples were collected. Woody fuel moisture inputs (1-hour, 10-hour, 100-hour) for fire behavior modeling were inferred from the moss, lichen, and duff moistures. All samples were oven dried for 24 hours at 100°C.
Fire behavior observations
Fire type (surface, torching, crown fire), flame lengths (m) as measured from the ground to the flame tip, and fire rate of spread (m min −1 ) were visually observed and recorded every minute using a helicopter as a mobile observation platform. Large black spruce trees located approximately 20 m apart were marked with red, white, and blue flagging to serve as rate of spread markers. When visible from the air, the time it took for the flaming front to spread the 20 m between marked trees was recorded. Additionally, the time for the flaming front to travel the total length of the area under study (approximately 80 m) was recorded. Flame lengths were visually estimated using a maximum tree height of 8 m for scale.
Data analysis and fire behavior modeling
Fire behavior prediction modeling systems require biomass estimates (fuel available to burn) either as direct fuel model inputs or to inform fuel model or fuel type selection (Anderson 1982; Forestry Canada Fire Danger Group 1992; Scott and Burgan 2005) . Field-sampled vegetation for each fuel strata (canopy trees, shrub, and forest floor strata) were summarized as follows.
Trees and shrubs
Mean values for preburn stem density (trees per hectare), dbh, total height, ladder fuel height, height to live crown, and biomass were calculated for all standing trees. Foliage biomass (kg m −2 ) for an individual tree was estimated using linear regression equations developed by Barney et al. (1978) and summed by plot to obtain canopy fuel loading (CFL). Mean CFL was averaged at the plot level. Canopy bulk density (CBD; kg m −3 ) was obtained by dividing CFL by canopy length (mean total tree height − mean height to live crown = canopy length) for each plot and averaged across the experimental fire plots. Shrub biomass estimates (kg m −2 ) were determined after drying all shrub samples for 48 hours at 100°C and weighing. Cover class and frequency values were calculated for low shrubs and forest floor cover following Daubenmire (1959) .
Forest floor: moss, litter, duff, and woody fuels Forest floor biomass estimates in kg m −2 were calculated by multiplying forest floor depths and bulk density multiplication factors of 0.26 kg m −2 cm −1 for mosses, spruce litter, and reindeer lichen (Cladonia rangiferina [L.] Weber ex F.H. Wigg), 0.59 kg m −2 cm −1 for upper duff, and 9.25 kg m −2 cm −1 for lower duff (USDA Pacific Northwest Research Station, Seattle Forest Sciences Lab, Seattle, Washington, USA, unpublished 1996 Alaska photoseries study data). Woody fuel loading estimates (kg m −2 ) were calculated following the procedure outlined in Brown (1974) . Paired one-tailed t-tests (alpha = 0.05) were used to evaluate significance differences between all preburn and postburn measurements (Zar 1984) , unless otherwise indicated.
Fire behavior
Observed head fire rates of spread, flame lengths, and calculated head fireline intensity values were compared with predicted values from the software associated with four fire behavior modeling systems commonly used in North America: BehavePlus 6, REDapp V6.2.3, CanFIRE V2.0, and the CFIS V4.0. Head fireline intensity values were calculated from my observations following Byram's (1959) fire intensity equation: I = Hwr, where I equals fire intensity (kW m −1 ), H equals net low heat of combustion (18 000 kJ kg −1 ), w equals weight of fuel consumed per unit area (kg m −2 ) in the active fire front, and r equals rate of spread (m s −1 ). Wind speeds were input into each modeling system as an estimate of the 10meter winds based on the 2-meter observed winds (surface wind speeds measured 2 m or 10 m above the ground or average vegetation height). Wind speeds were adjusted upwards from 2-meter to 10-meter winds using the inverse of a 0.7 wind adjustment factor (WAF) following procedures described in Andrews (2012) and Lawson and Armitage (2008) . When modeling with BehavePlus, a 0.4 WAF was used to reduce 10-meter wind speeds to mid-flame wind speeds (Andrews 2012) . Fuel moisture inputs were direct field measures or were inferred based on my field-measured fuel moistures as is a common practice in Alaska when few woody fuels are present. Onsite FWI system fuel moisture codes for REDapp and CanFIRE were calculated using the 8 June 1300 ADT onsite weather and initiated with the 27 June 1997 FWI System fuel moisture codes from the Innoko Flats RAWS (Forestry Canada Fire Danger Group 1992).
Results
Weather
Observed 2-meter winds were generally out of the west with wind speeds fluctuating from 2 to 10 km h −1 in the afternoon prior to ignition (Table 1, Fig. 3 ). During the period of fire spread from 1744 to 1752 ADT, 2-meter winds averaged 7.2 km h −1 (4.6 mi h −1 ; Fig. 3 ) and 11.8 km h −1 when adjusted to 10-meter open height (0.7 WAF). Onsite air temperature averaged 20°C during the burning period with a value of 19°C at the time of ignition (Fig. 3) . Relative humidity was approximately 31% when the fire was ignited and averaged 29% during the burn period (Fig. 3) .
Biomass inventory Trees and shrubs
Black spruce dominated the study area (100% of total stems ≥1.37 m tall; Table 2 ). Mean tree height averaged 5.1 m with mean live crown height of 1.6 m and a mean CBD of 0.257 kg m −3 (Table 2) . Dead branches on most trees reached all the way to the ground (ladder fuel heights averaged 0.1 m). The experimental fire killed all trees but only reduced total standing-tree density from 2320 to 2238 stems ha −1 since most trees remained standing as much as 1 yr post fire. The nearly complete consumption of foliar biomass significantly reduced total standing-tree biomass from 2.6 to 1.7 kg m −2 (Table 2) . No seedlings were found on this site.
Low shrubs
Low shrubs formed a fairly continuous understory layer throughout the study area. All shrub species found are listed in the supplemental material (Additional files 3 and 4). Labrador tea (Ledum palustre [Jacq.] Michx.) and lingonberry (Vaccinium vitis-idaea L.) were the major shrub constituents within the study area as both were observed on all shrub plots with total cover values of 33% and 11%, respectively. All low shrubs were completely consumed by the fire on all of the 0.25 m 2 plots.
Forest floor
Forest floor surface material was characterized by a dense carpet of lichens (Cladonia P.Browne spp.), feather moss (Hylocomium splendens [Hedw.] Schimp), and sphagnum mosses (Additional file 5). Litter derived from dead tree needles was only a small proportion of the total forest floor biomass (Additional file 5). Downed and dead woody fuel loadings were also low (Additional file 5). Duff layers were primarily composed of dead and decaying sphagnum moss, which composed most of the aboveground biomass (Additional file 5).
Fuel moisture
Fuel moisture values are summarized in Table 3 . The surface mosses and lichens were quite dry, ranging from 9 to 15%. Duff moisture content was moderately high (70 to 140%), with some areas overlain by sphagnum moss completely saturated at >500% fuel moisture by weight. Woody fuel moisture inputs to the fire behavior modeling systems of 9% (1-hour fuels), 15% (10-hour fuels), and 20% (100-hour fuels) were estimated from the surface moss, lichen, and duff fuel moisture contents. Needle moisture content was 102%.
Fire behavior observations
Wind speed and air temperature were relatively low when the experimental fire area was ignited, yet the fire rapidly reached the crowns, advancing by continuous crowning with 15 m (50 ft) flame lengths within 30 seconds of ignition (Fig. 2) . During the most intense burning phase of the 80 m run under study, the fire moved 20 m in 30 s (40 m min −1 ) with 15 to 30 m flame lengths (Additional file 6). Eight minutes after ignition, the flaming stage of the fire was complete. The overall rate of spread for the 80 m experimental plot was 8.8 m min −1 , with mean flame lengths of approximately 15 m. I was unable to provide an average rate of spread as fire movement for two of the four 20 m segments was obscured 
Fire behavior modeling
Comparisons of observed fire behavior characteristics against fire behavior predictions from BehavePlus, REDapp, CanFIRE, and CFIS are summarized in Table 4 . REDapp and CanFIRE slightly overestimated observed (Table 4 ) using the C-2 (boreal spruce) fuel type (De Groot 1993; Taylor and Alexander 2018) and the CanFIRE black spruce forest type (Viereck 1973) , respectively. BehavePlus produced the lowest predicted rates of spread among the four fire behavior modeling systems when vegetation was input using the standard dwarf conifer black spruce fire behavior fuel model TU4 (Scott and Burgan 2005) .
Modeling fire behavior with TU4 dramatically underestimated rate of spread, flame length, and fireline intensity (Table 4 ). When the shrub fire behavior fuel model SH5 (Scott and Burgan 2005) was applied in BehavePlus, agreement among modeled and observed rates of spread were improved, but rate of spread, head fire intensity, and flame length were still underestimated (Table 4 ). The poorest agreement with the observed rate of spread was provide by CFIS, which overestimated rate of spread across the experimental fire area by a factor of 1.5 (Table 4) . CFIS does not predict flame length nor head fire intensity.
Discussion
Direct comparisons of my fire behavior observations with those recorded by Norum (1982) near Hughes, Alaska, in the summer of 1977, suggest that fire behavior during the Magitchlie Creek Fire was on the high end of the normal range of fire behavior for Alaskan black spruce ecosystems. My observed rate of spread of 8.8 m min −1 (26.2 chains hr −1 ) fell within the upper range of 31 rateof-spread observations reported by Norum (1982) . Of Norum's (1982) 31 rate-of-spread observations, 11 were above 7 m min −1 and three were slightly greater than my observed 8.8 m min −1 (9.0, 9.4, 10.1 m min −1 , respectively). Interestingly Norum's (1982) flame length observations of 1 to 2 m were roughly a factor of 10 lower than those observed at Magitchlie Creek. Norum (1982) reported mid-flame wind speeds for the faster rates of spread ranging from 11 to 16 km h −1 . Assuming Norum's mid-flame wind speed observations were taken at eye level (2 m high), my field-measured wind speeds at Magitchlie Creek were lower than those observed by Norum (1982) by a factor of 2. Norum (1982) reported fuel moistures similar to those at Magitchlie Creek. The short, intense period of fire behavior when rates of spread of 40 m min −1 and flame lengths up to 30 m were observed at Magitchlie Creek was also consistent with a study conducted by Butler et al. (2013) . Butler et al. (2013) recorded a rate of spread of 40 m min −1 and flame lengths of 8 to 45 m for a short time span in a black spruce stand near Nenana, Alaska. All evidence suggests that the fire behavior observed at Magitchlie Creek was well within the range of possibilities for fire behavior in Alaskan black spruce.
In general, REDapp and CanFIRE outperformed both BehavePlus and CFIS when direct observations during the Magitchlie Creek Experimental Fire were compared with modeled fire behavior predictions. All of the Canadian systems over-predicted rates of spread, but the predicted values from REDapp and CanFIRE were closer than those from CFIS (1.8 m min −1 over versus 4.8 m min −1 over). In addition, REDapp and CanFIRE produced reasonable, albeit higher, predictions of head fire intensity. While results from a single case study should be viewed with caution, these results suggest that the Canadian FBP system could be used with confidence when predicting fire behavior in interior Alaska.
The 2018 Fuel Model Guide to Alaska (Saperstein et al. 2018) suggests using TU4 in open black spruce forests for most cases when modeling fire behavior with BehavePlus, but recommends using SH5 when conditions are dry, such as during the Magitchlie Creek Fire.
Although this is only one case study, my results support using the SH5 fire behavior fuel model to predict fire behavior with BehavePlus during dry conditions with Rh values in the low 30s (Saperstein et al. 2018) . BehavePlus under-predicted fire behavior using either the TU4 or the SH5 fuel model under the observed conditions, but Table 4 Fire behavior model runs versus observed results at the 1997 Magitchlie Creek Experimental Fire study area, Innoko National Wildlife Refuge, Alaska, USA. Two-meter winds were adjusted to 11.8 km h −1 at 10 m above ground using the inverse of the 0.7 WAF. N/A refers to data that is not produced by the fire behavior modeling system tested the modeled rate of spread was much closer when SH5 was applied. More supporting evidence for using SH5 in this case come from my observations of the simultaneous burning of all fuel strata (surface, shrubs, overstory), even at the low wind speeds observed during the experimental fire. The simultaneous burning of all fuel strata suggest that black spruce forests burn more like shrub systems than the forest types commonly found in the contiguous United States. While a good start, this study provides information to suggest more studies that compare fire behavior observations with modeled fire behavior are needed to determine which fuel model should be used when modeling with BehavePlus in Alaskan black spruce ecosystems. One approach for future evaluations is to follow Norum's (1982) lead and use multiple fuel models to predict the suite of fire behavior characteristics needed. For example, Norum (1982) recommended using the timber fuel model 9 (Anderson 1982) for predicting rates of spread and the shrub fuel model 5 (Anderson 1982) for predicting flame length (Norum 1982) . Devising alternative ways of using existing operational fire behavior modeling systems to more effectively and accurately represent fire behavior in real world situations was beyond the scope of this study due to the lack of replication. However, this study could potentially serve as a template for obtaining the needed observational data for a more detailed, data-driven evaluation for how to more precisely apply fire behavior and fuel models in Alaska.
Conclusions
Although one should use the results of a single experimental fire case study with caution, this study provides information supporting the use of Canadian fire behavior modeling systems in Alaskan black spruce ecosystems over the use of US fire behavior modeling systems. The slight over-prediction of rate of spread and head fire intensity produced by REDapp and CanFIRE suggests that these systems provide a conservative approach that avoid under-prediction of potential fire movement across the landscape. With the same data, BehavePlus under-predicted fire movement. When modeling fire behavior, it is preferable to over-predict rather than underpredict as fire behavior modeling is primarily conducted to assess the potential hazard and risk of an area burning, with the goal of ensuring the safety of human life and property. In that context, a slight over-prediction of potential fire movement would be preferable to underpredicting how rapidly a fire might move across the landscape and the subsequent hazard and risk of fire to communities and resources in the fire's path.
In closing, deciding which fire behavior modeling system to use in Alaskan black spruce ecosystems is a difficult decision that requires a series of real world observations to compare with model predictions. Comparing model predictions with observed fire behavior characteristics allows end users to select a modeling system based on the model's ability to produce predictions that most closely represent reality. For example, a specific modeling system 1 might be chosen over modeling system 2 because the modeled rate of spread from system 1 was consistently closest to a documented set of rate-of-spread observations. To effectively evaluate fire behavior fuel modeling systems currently in operation, or to evaluate new fire behavior modeling systems when they are released, more fire behavior case studies for which direct observations of fire behavior are coupled with onsite sampled weather data and field-sampled tree demographic data are needed. Hand in hand with model development comes evaluation , which should be an ongoing activity (Cruz et al. 2018) . Future data sets that look to couple fire behavior observations with field observations should collect atmosphere, landscape, and vegetation data that serve as input to fire behavior modeling systems. The current study could provide a template for how fire managers could collect and assemble fire behavior observations needed to choose the most appropriate fire behavior modeling system for their use.
